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Overview$

$ This$ study$ examines$ the$ uncertainty$ associated$ with$ trajectory$
calcula9ons$ in$ the$ Tropical$ Tropopause$ Layer$ (TTL).$We$ use$ three$ different$
trajectory@ensemble$ strategies$ to$ es9mate$ how$ fast$ trajectories$ launched$
back$ in$ 9me$ from$ the$ tropical$ tropopause$ disperse.$ Comparisons$ of$
dispersion$ from$ these$ different$ approaches,$ along$ with$ sensi9vity$
calcula9ons,$allow$us$to$es9mate$dispersion$rates,$constrain$those$rates,$and$
draw$ conclusions$ that$ help$ us$ design$ trajectory$ experiments$ and$ interpret$
their$results.$$



$ This$ schema9c$ illustrates$ the$ poten9al$ diagnos9c$ power$ of$ back@
trajectories$ calcula9ons.$ These$ calcula9ons$ can,$ in$ principle,$ determine$ the$
sources$ of$ chemical$ cons9tuents$ at$ the$ target$ loca9on$ and$ defines$ parcel$
pathways$over$which$process$models$ can$determine$path@dependent$ losses$
and$gains.$$

Tropopause!

Region$of$interest$
(Target$region)$

Source!level!(e.g.,!Earth’s!surface)!

Source$Loca9ons$

Back%trajectories%determine%
source%loca2ons%and%

cons2tuent%concentra2ons%

Process%models%determine%
path6dependent%losses/gains%

Ini9al$Loca9ons$

Parcel$paths;$
Transport$9me$



Dispersion%is%quan2fied%in$terms$of$the$ensemble$spread$
of$trajectories$(longitude$δλ,$la9tude$δϕ$,$and$pressure$
δP)$and$how$these$terms$grow$with$9me.$!

δλ(t)!

δϕ(t)!

δP(t)!

$ However,$ trajectory$ dispersion$ (both$ physical$ and$ that$ due$ to$ data$
uncertainty)$ limits$ their$applicability.$This$ schema9c$ illustrates$ the$dispersion$of$
an$ ensemble$ of$ parcel$ trajectories$ and$ serves$ as$ a$ background$ for$ discussing$
related$issues.$

A%single%trajectory%contains%no%
informa2on%

%
Ensembles%of%trajectories%can%be%
meaningful%–%but%they%disperse%

%

So,%%
How%fast%do%trajectories%disperse?%

What%are%the%implica2ons%of%that%dispersion?%
%What%are%reasonable%ensemble%strategies?%%



$
The$following$three$slides$describe$the$different$ensemble$types$

$
•  Ensemble$#1:$(Monte$Carlo)$Random$perturba9on$to$wind$fields$at$each$9me$step.$This$

ensemble$uses$our$most$realis9c$representa9on$of$wind$fields$in$which$we$combine$the$
‘resolved’$winds$(space$scales$2°$and$larger)$from$the$ECMWF$opera9onal$analysis$with$
a$stochas9c$model$of$unresolved$wind$fluctua9ons$based$on$the$observed$mul9@fractal$
behavior$of$wind$fields$at$small$scales.$Uses$data$from$2013$for$which$ECMWF$
opera9onal$analysis$data$is$available$at$NCAR.$

•  Ensemble$#2:$Perturbed$ini9al$parcel$loca9ons.$This$ensemble$is$based$on$tradi9onal$
ensemble$techniques$in$which$the$ini9al$condi9ons$are$perturbed.$Trajectories$are$
calculated$using$the$resolved$winds$only$and$are$ini9ally$separated$by$2°$la9tude$and$
longitude.$Uses$data$from$2013$(with$some$calcula9ons$from$2007).$

•  Ensemble$#3:$Mul9@model$ensemble.$This$ensemble$is$formed$by$trajectories$calculated$
using$different$analysis$data$(ERA@interim,$MERRA,$CFSR,$GFS)$and$different$trajectory$
formula9ons$(kinema9c$and$diaba9c).$Calcula9ons$are$based$on$resolved$wind$fields$
and$each$ensemble$member$is$ini9alized$at$the$same$loca9ons.$Uses$exis9ng$mul9@
model$ensemble$data$for$Jan@Feb$2007.$Two$of$the$ensemble$members$depend$on$
diaba9c$hea9ng$rate$data$unavailable$beyond$2008.$

$



Ensemble$#1:$Monte$Carlo$simula9ons$using$random$wind$
perturba9ons$at$each$trajectory$9me$step$
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(Poten9ally)$the$most$realis9c$
simula9on$of$trajectories$we$have$and$
the$primary$focus$of$this$work$

$
Use%analysis%data%for%resolved%winds%(ECMWF$

opera9onal$analysis$smoothed$to$2°)$
$
Stochas2c%model%simulates%unresolved%wind%

fluctua2ons.%Total$wind$fluctua9ons$consistent$with$
mul9plica9ve$cascades$(mul9@fractal);$unresolved$
variance$determined$from$variance$at$small$
resolved$scales.$

$
Use%midpoint%displacement$to$model$a$mul9plica9ve$

cascade$(has$some$very$nice,$prac9cal$proper9es)$
$
Model%parameters%are%constrained%by$values$in$

exis9ng$literature,$analysis$of$ECMWF$opera9onal$
analysis$data,$and$measurement$from$MMS$during$
ATTREX$(sensi9vity$tests$determine$how$well$the$
calcula9ons$are$constrained)$

$

Ideally,%Ensemble%#1%represents%
physical%dispersion%from%a%
volume%1%grid6spacing%in%

diameter%



Ensemble$#2:$Perturbed$ini9al$condi9ons$
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A$common$alterna9ve$to$Ensemble$#1$
$

Displace%ini2al%loca2ons%(lat,$lon)$one$grid$spacing$
from$unperturbed$trajectory$

$
Uses$resolved%wind%fluctua2ons%only$

Represents%dispersion%by%the%
resolved%flow%



Ensemble$#3:$Mul9@model$ensemble$
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Dispersion$by$inter@analysis$
differences$of$resolved$winds$
$

Each$ensemble$member$uses$different%forcing%data%of$
trajectory$approach$

$
Uses$resolved%wind%fluctua2ons%only$
$
Each$member$has$iden2cal%ini2al%loca2ons%



Some$Important$Results$

Dispersion%for%Ensemble%#1%is%well%constrained$by$observa9onal$es9mates$of$
model$parameters$

In$terms$of:$
•  $Variance$of$unresolved$fluctua9ons$
•  Predictability$of$small$scale$variance$in$terms$of$resolved$variance$$
•  Energy$spectra$$
•  Coherence$(or$lack$thereof)$between$unresolved$fluctua9ons$of$u,$v,$w,$T!

But,$it$is$difficult$to$have$confidence$in$ver9cal$winds$from$either$observa9ons$or$
analysis$data$$

$
Dispersion%for%Ensemble%#2%is%not%very%sensi2ve%to%choice%of%forcing%data%

(ECMWF,$ERA@interim,$MERRA,$GFS,$CFSR)$
$

Dispersion%is%largely%a%property%of%the%resolved%flow%
$Unresolved$fluctua9ons$provide$‘ini9al’$perturba9ons$that$grow$via$the$resolved$flow$

$
Dispersion%rates%for$the$upper$tropical$tropopause$are$

Longitude:%3.1%±%0.5°/d%(i.e.,$~310$km/d)$$
La2tude:%0.84%±%0.1°/d%
Pressure:%2.9%±%0.3%mb/d%

$
$



Ramifica9ons$and$Conjecture$I$

Dispersion$is$large$enough$to$spread%parcels%throughout%the%tropics%within$
typical$TTL$transport$9mes$(30@60$d)$

$
Ensemble%#1$provides$a$plausible%es2mate%for%physical%dispersion%and$
represents$fundamental$limita9ons$of$trajectory$calcula9ons$in$the$TTL$$

$
Ensemble%#2%(perturbed$ini9al$loca9ons)$is%a%reasonable%cheap%alterna2ve%to%
Ensemble%#1$with$sufficient$temporal$averaging;$the$ini9al$spread$should$be$

~1$resolved$scale$in$diameter$
$

Dispersion$from$systema9c$analysis%data%error%is%(somewhat)$separable%from%
that%due%to%random%error%

$



Some$Ramifica9ons$and$Conjecture$II$

The$smallest%(target)%volume%that$should$be$represented$by$back$trajectories$
is$determined$by$the$resolu2on%of%the%forcing%data%

Caveat:$the$resolu9on$is$determined$more$by$the$observa9onal$data$assimilated$
into$the$analysis$data$than$the$resolu9on$of$the$assimila9on$model$(or$the$

resolu9on$of$the$data$that$is$provided)$
$

The$smallest%source%volume%that$should$be$analyzed$is$determined$by$the$
dispersion%space%scales%

$
There$is$no$point$in$analyzing$9me$scales$smaller$than$those$dynamically@

linked$to$the$space$scales$associated$with$dispersion$
$

$



These$panels$are$normalized$histograms$of$dispersion$for$10$day$trajectories.$Shown$are$differences$from$the$
ensemble$mean$for$69,000$–$87,000$(depending$on$the$ensemble$type)$trajectories$from$252$topical$loca9ons$
(10°$separa9on$between$ini9al$loca9ons)$and$34$start$9mes$during$boreal$winter$(Jan@Feb).$$

Gray,$dark$gray,$black$–$random$perturba9on$ensembles$(3$
amplitudes:$small$amplitude,$control,$large$amplitude)$
Red$–$±2°$ini9al$posi9on$spread$
Blue$–$mul9@model$ensemble$

$
Average$dispersion$growth$at$10$d$(short$enough$

to$obtain$a$‘linear’$es9mate);$based$on$the$
standard$devia9on$of$Ensemble$1$histogram)$

Longitude:$3.1°/d$(i.e.,$~310$km/d)$;$La9tude$0.84°/d;$
Pressure$2.9$mb/d$

$
All$3$ensembles$have$similar$dispersion$growth$–$

although$Ensemble$#1$has$stronger$ver9cal$
dispersion$

$
Ensemble$#1$is$not$very$sensi9ve$to$reasonable$

changes$of$mul9@fractal$parameters$
Precise$knowledge$of$these$parameters$is$not$

necessary$for$obtaining$a$useful$es9mate$of$dispersion$
growth$
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The$next$3$slides$shows$maps$of$10$d$dispersion$rates$as$a$func9ons$of$ini9al$parcel$
loca9on.$$

$
The$first$slide$shows$longitude$dispersion$for$the$three$ensembles$plus$an$addi9onal$ensemble$#2$calcula9on$
using$ERA@interim$data$during$2007.$The$main$point$is$that$there$are$similari9es$between$spa9al$paperns$from$
Ensembles$#1$and$#2$but$these$are$different$from$Ensemble$#3.$This$lower$right$panel$demonstrates$that$the$
differences$with$ensemble$#3$are$not$due$to$inter@annual$variability.$
$
The$second$slide$shows$different$Ensemble$#2$calcula9ons$(using$different$analysis$data)$from$2007.$This$slide$
demonstrates$the$degree$to$which$spa9al$paperns$of$dispersion$from$Ensemble$#2$are$robust.$
$
La9tude$dispersion$paperns$(not$shown)$are$different$that$longitude$dispersion$–$but$comparisons$among$the$
different$ensemble$types$lead$to$the$same$conclusions$as$those$from$the$longitude$comparisons.$
$
The$third$slide$shows$the$strong$similarity$between$paperns$of$ver9cal$dispersion.$This$similarity$is$presumably$
due$to$the$strong$connec9on$between$ver9cal$dispersion$and$tropical$convec9on.$$

$

Addresses$the$ques9on:$Which$loca9ons$near$the$tropopause$have$
experienced$the$greatest$dispersion$(have$the$widest$source$regions)?$

$
Exposes$differences$among$the$types$of$ensembles$



Mul9@model$ensemble$(#3;$J@F$2007)$Ensemble$#1$(ECWMF$2°;$J@F$2013)$

Longitude$dispersion$
Ensembles$#1$and$#2$have$similar$spa9al$paperns$and$amplitudes$of$dispersion$

$
Ensemble$#3$has$more$discrepancies$
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Ensemble$#2$(ERA@interim;$J@F$2007)$
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Discrepancies$with$the$mul9@model$are$not$
just$due$to$inter@annual$variability%

Ensemble$#2$(ECWMF$2°;$J@F$2013)$



ERA$ensemble$(J@F$2007)$
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MERRA$ensemble$(J@F$2007)$

CFSR$(J@F$2007)$ GFS$(J@F$2007)$
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ERA@interim;$Yang$et$al.$hea9ng$$
(J@F$2007)$

Longitude$dispersion$
Ensemble$#2$results$are$robust$to$changes$of$forcing$data$



Ver9cal$dispersion$is$similar$among$all$Ensembles$
and!related!to!convecFon!
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Ensemble$#1$(ECWMF$2°;$J@F$2013)$ Mul9@model$ensemble$(#3;$J@F$2007)$

Ensemble$#2$(ECWMF$2°;$J@F$2013)$ Ensemble$#2$(ERA@interim;$J@F$2007)$



Reitera9on$of$important$proper9es$of$dispersion$

Dispersion$is$due$primarily$to$large6scale%flow%
$

Dispersion$is$not%very%sensi2ve%to%specifica9on$of$small6scale%noise%
$

Dispersion$is$not%very%sensi2ve%to$choice$of$forcing%data%
Despite$systema9c$differences$in$the$forcing$data$

Hence,%the%earlier%conjectures%


